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Abstract. The seed coat anatomy of representative species from all 10 Neotropical genera of Lecythidaceae subfam-
ily Lecythidoideae and from the Paleotropical Barringtonia (Lecythidaceae subfamily Planchonioideae) was studied.
The seed coat is mainly composed of the testa, which is developed through moderate or intensive multiplication of
the outer integument of the ovule. The tegmen, derived from the inner integument of the ovule, is mostly crushed at
seed maturity. Barringtonia and Grias, with fruits as diaspores, have an unspecialized exotesta and a poorly differ-
entiated seed coat. In contrast, species of Lecythidoideae, with seeds as diaspores, possess well-differentiated seed
coats with diversified protective mechanisms. Examples include: an expanded and lignified exotesta that serves as a
water barrier and protects the embryo; an extensive area of tannin cells that provides a chemical defense against
pathogens and predators; a thick and sclerotic mesotesta that protects the embryo; and large fibers surrounding and
supporting the vascular bundles. In addition, other modifications of the seed coat are probably adaptations for seed
dispersal by different dispersal agents. These include the exotestal hairs of Couroupita guianensis, which possibly
protect the embryos as they pass through the digestive tracts of peccaries; an extension of the seed coat into awing
in species of Cariniana and Couratari, which facilitate wind dispersal; the papillate exostestal cells of Allantoma
lineata, which probably promote dispersal by water; the well-developed arils of species of Corythophora and Lecythis,
probably sought after by animals, which in turn disperse the seeds; and the sarcotesta of Eschweilera ovalifolia,
consumed by fish, which in turn disperse the seeds. We conclude that the highly diversified anatomy and morphol-
ogy of the seed coat of the Lecythidoideae has evolved from relatively homogeneous ovules in response to pathogens
and predators as well as to abiotic and biotic dispersal agents.
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I ntroduction

The Brazil nut family (Lecythidaceae), apantropical fam-
ily of small to very large trees, is represented by 11 gen-
era and approximately 200 species in the New World
tropics. All New World Lecythidaceae, except Asteranthos
brasiliensis Desf. (Lecythidaceae subfamily
Scytopetaloideae), belong to Lecythidaceae subfamily
L ecythidoideae (Prance and Mori, 1979; Mori and Prance,
1990a; Morton et a., 1997, 1998). Barringtoniaisan Old
World member of Lecythidaceae subfamily
Planchonioideae and is sister to the Lecythidoideae (Tsou,
1994).

New World L ecythidaceae are an important element of
the flora at |atitudes between 19° N and 25° S (Mori and
Prance, 1990a). They rank asthe first or second most im-
portant family of treesin terms of species and numbers of
individualsinthevicinity of Belém, Brazil (Black et al., 1950;
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Cainetal., 1956). They are the third most important tree
family at La Fumée Mountain, French Guiana (Mori and
Boom, 1987); and one of the most important in central
Amazonia (Prance et a., 1976; Mori and Lepsch-Cunha,
1995; De Oliveiraand Mori, 1999) and the Chocd of Co-
lombia (Gentry, 1982). Although most commonin lowland,
non-flooded forests, the family is also found in reduced
numbers in cloud forests, periodically flooded riverine
habitats, and in savannas. Although occasionally found
in disturbed areas, species of Lecythidaceae are usually
not a dominant component of secondary vegetation.

Members of New World Lecythidaceae are diversified
in fruit and seed morphology and are well adapted for dis-
persal by both abiotic (water, wind, and gravity) and bi-
otic (fish and mammal) agents (Prance and Mori, 1978, 1979,
Mori and Prance, 1990b; Mori, 2000). Fruit and seed mor-
phology in relation to seed dispersal has been extensively
studied in general (Fijl, 1982; Murray, 1986), and therole
of the seed coat in protecting the embryo and as a means
of controlling dormancy and germination has long been
recognized (Bewley and Black, 1994). In contrast, seed
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coat adaptations to dispersal agents have not been given
the attention they deserve. In this paper, we describe and
discuss seed coat structure and its relationship with dis-
persal agentsin the Lecythidoideae. Previously, Corner
(19764, 1976b) described the seed coat anatomy of
Bertholletia excelsa, Couroupita guianensis, and
Gustavia sp. (probably G. augusta), and Vishinskaya
(1992) reviewed the seed anatomy of the family.

An understanding of fruit and seed morphology and
dispersal agents of the Lecythidoideae, in particular the
species studied herein, is important in interpreting seed
coat anatomy. Thus, we provide areview taken from pub-
lished sources (Prance and Mori, 1978, 1979, 1983; Mitchell
and Mori, 1987; Mori and Prance, 1990a, 1990b) and from
the field observations of the second author. Illustrations
of the fruits and seeds of many L ecythidoideae can be
found in Prance and Mori (1979) and Mori and Prance
(1990a).

New World members of the Lecythidaceae have either
indehiscent or dehiscent fruits, and abiotic and biotic dis-
persal agents are associated with both types of fruits. The
diaspores (= dispersal unit) are either the entire fruit or
the individual seeds; the seeds either possess or lack ap-
pendages (arils, wings, hairs, sarcotestas); the embryos
are either chlorophyllous or achlorophyllous; and the em-
bryo either has or lacks cotyledons. We divide the fol-
lowing review into species with indehiscent fruits and
those with dehiscent fruits.

Species with Indehiscent Fruits

Grias (Prance and Mori, 1979) and Barringtonia
(Payens, 1967) have single-seeded, indehiscent fruits that
serve as the diaspore. Barringtonia asiatica is a seashore
plant dispersed by sea currents as are several other spe-
cies of the genus (Payens, 1967). The corky mesocarp of
the fruit serves as a flotation device in much the same way
that the husk of a coconut (Cocos nucifera L.) facilitates
dispersal. Some other species of Barringtonia, however,
have fleshy fruits and are probably dispersed by animals
(e.g., B. edulis Seem., Payens, 1967). Grias neuberthii has
a fleshy mesocarp surrounding a fibrous endocarp. The
fruits of this species are sold in western Amazonian mar-
kets for the edible mesocarp. The endocarp, however, fa-
cilitates flotation of the fruit once the mesocarp has been
removed by animals, and it therefore appears that although
G. neuberthii is primarily animal dispersed, it may also be
secondarily water dispersed. The most widely distributed
species, G. cauliflora L., isfound in Jamaica, throughout
Central America, and into northwestern South America
(Prance and Mori, 1979). Itsfruits are so efficiently dis-
persed by water that they frequently wash up on beaches
well beyond the known distribution of the species (Gunn
and Dennis, 1976).

Most species of Gustavia (Prance and Mori, 1979) and
all Couroupita (Mori and Prance, 1990a) possess multiple-
seeded fruits. In these species, the seeds serve as the
diaspores. In Gustavia elliptica and its close relative G.
augusta (the two species studied by us), the fruits rot open
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to expose fleshy, contorted funicular arils that may attract
animals, which in turn may disperse the seeds after eating
the arils. In other species of Gustavia, the funicle does
not develop, and it is the pulp surrounding the seed that
animals seek. Theyellow pulp of G. speciosa (Kunth) DC.
is sucked from the fruit raw or is cooked with meat and
rice by humans (Romero-Castafieda, 1991). The orange
pulp surrounding the seeds of G. grandibractea Croat &
S. A. Mori and G. superba (Kunth) O. Berg, neither of
which has developed funicles, has reportedly been eaten
by mammals (Prance and Mori, 1983).

In species of Couroupita, mature fruits fall to the
ground and crack open to expose a bluish-green, foul-
smelling pulp, in which are embedded numerous, flattened,
small seeds (usually less than 15 mm long) with a hairy
testa. In the Brazilian Amazon, peccaries of an undeter-
mined species have been reported to eat the pulp and swal-
low the seeds. It is presumed that the seeds pass
unharmed through their digestive tracts and subsequently
germinate some distance from the mother trees thereby ef-
fecting dispersal (Prance and Mori, 1979). The pulp is of-
ten fed to domestic pigs and poultry (Smith, 1999) and
seeds have been reported by people living along the Ama-
zon River to germinate in the feces of these animals (S. A.
Mori, pers. obs.).

Bertholletia, with its only species B. excelsa, has
evolved avery specialized dispersal system, first reported
in 1910 after it was observed that agoutis (Dasyprocta
spp.) gnaw open the woody fruits and remove the seeds
(Huber, 1910). Subsequently, Amazonian squirrels
(Sciurus spadiceus) and brown capuchin monkeys (Cebus
apella) have been reported to be able to open mature fruits
and other arboreal predators, e.g., the bearded saki mon-
key (Chiropotes satanas), several species of macaws, and
the red-necked woodpecker (Campephilus rubricollis)
were discovered to be capable of opening immature fruits
of the Brazil nut (Peres and Baider, 1997). At maturity,
the fruits drop to the ground with the seeds trapped in-
side because the size of the fruit opening is smaller than
the size of the seeds (Mori and Prance, 1990b; Mori, 1992).
The fruits are so rot resistant that after they fall to the
ground they serve as homes to an assemblage of anuran
and insect species (Caldwell, 1993) for many months after
the seeds have been removed.

Although the fruits of Bertholletia are technically de-
hiscent (they have a small, inwardly falling operculum),
they are functionally indehiscent because the seeds are
not naturally released from the fruit. The agoutis enlarge
the natural opening, remove the seeds, consume some of
them, and bury the remaining ones in hidden caches for
subsequent use. Those forgotten by these rodents ger-
minate 12 to 18 months after the woody seed testa breaks
down (Mori and Prance, 1990a, 1990b; Mori, 1992).

Fruits of several species of Lecythis, e.g., L. gracieana,
L. lurida (Miers) S. A. Mori, and L. prancei, also fall to
the ground with the seeds inside and lack an aril (Mori
and Prance, 19904). These species differ from Bertholletia
in that there is no sign of a natural fruit opening and there
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have been no reports of animals eating or hoarding the
seeds.

Lecythisrorida (O. Berg) Miers, which grows in peri-
odically inundated forest along the Rio Negro of Brazil,
drops entire indehiscent fruits into the water (reported as
L. chartacea O. Berg by Kubitzki and Ziburski, 1994) at
high water level in June and July (S. A. Mori, pers. abs.).
The fruits float and are frequently observed washed up
on white sand beaches. The seeds, which rattle around
inside the fruit at maturity, do not possess an aril. As far
aswe know, all species of Lecythiswith indehiscent fruits
do not have devel oped funicle/arils (S. A. Mori, pers. abs.).
A morphologically similar species of non-flooded forest,
Lecythis chartacea, possesses dehiscent fruits and seeds
with arils. Lecythisrorida and L. chartacea are so similar
in vegetative and flowering features that the former was
placed in synonymy under the latter in the most recent
monograph of the family (Mori and Prance, 1990a).

Species with Dehiscent Fruits

Lecythis pisonis Cambess, distributed in the Atlantic
forests of eastern Brazil and in eastern Amazonia (Mori
and Prance, 1990a) is a dehiscent-fruited, animal dispersed
species of Lecythidaceae. The very large (25 or morecm
in diameter) fruit opens while still on the tree. The seeds
are attached to the fruit wall by a funicle, which, in turn,
is surrounded by a fleshy, white aril reportedly sought af-
ter by the bat Phyllostomus hastatus (Greenhall, 1965).
The seeds are dropped unharmed either in flight or under
bat roosts.

Many species of Corythophora, Eschweilera, and
Lecythis have dehiscent fruits, arillate seeds, and seeds
attached to the fruit wall by funicles, and, hence, are simi-
lar to L. pisonis. It isnot known, however, what animals
disperse most of the other species of Lecythidaceae with
this fruit/seed syndrome. Marc van Roosmalen (reported
in Prance and Mori, 1978) has observed that the fleshy
aril of Lecythis poiteaui O. Berg is so thoroughly har-
vested by the monkeys Chiropotes satanas and Ateles
paniscus that he was unable to collect untouched ones
despite much effort. Parrots and macaws have been re-
ported to open the fruits of Lecythidaceae (Prance and
Mori, 1979). They may be dispersal agents as well as seed
predators.

At least one species of dehiscent-fruited
L ecythidaceae, Eschweilera ovalifolia, is dispersed by fish
(Goulding, 1980). This species growsin periodically in-
undated forest, mostly along the Amazon River to the west
of the mouth of the Rio Negro (Mori and Prance, 1990a).
The seeds, which are surrounded by a thin, white, fleshy
sarcotesta, drop into the water where they are consumed
by fish. The fish apparently remove the sarcotesta and
pass the seeds unharmed through their digestive tracts.

Abiotic dispersal isfound in at least four genera of de-
hiscent-fruited Lecythidoideae. All species of both
Cariniana and Couratari are dispersed by thewind. Spe-
ciesin these generaare generally very tall trees. If shorter,
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they grow in more open, wind exposed habitats such as
savanna. In both genera, the fruits open to release seeds
that are either winged at one end in Cariniana (Prance
and Mori, 1979) or winged all around the seed in
Couratari (Mori and Prance, 1990a). The seeds are rela-
tively light and possess embryos with leaf-like cotyledons.
Upon germination, eight to twelve days after dispersal in
Cariniana micrantha (Imakawa and Ferraz, 1995), the
persistent, |eaf-like chlorophyllous cotyledons enable the
seedlings to immediately photosynthesize. Although the
fruit wall of C. micrantha is very thick and woody, it does
not deter brown capuchin monkeys from opening the lids
and eating the seeds of fruits nearly ready to dehisce.
Each fruit contains an average of 18 seeds (Peres, 1991).
Peres (1991) has estimated that 99.5% of the entire seed
production of a population of this species in one fruiting
season in central Amazonia was destroyed by these
monkeys.

Water dispersal occursin at least several dehiscent-
fruited species of Lecythidoideae. Allantoma lineata oc-
curs along rivers and small streamsin central and eastern
Amazonia(Mori and Prance, 1990a). At maturity, the fruits
open and the seeds fall into the water, where they are car-
ried away by currents. The seed coat has been reported
toberichin oil (Ducke, 1948), and this has been suggested
to aid in flotation (Prance and Mori, 1979). A similar dis-
persal system is found in Eschweilera tenuifolia, which
isfound along the Orinoco, Negro, and Amazon rivers from
the mouth of the Rio Negro eastward (Mori and Prance,
1990a). This species drops its seeds into the water at high
water. Inthiscase, it isthe corky seed coat that facili-
tates seed dispersal, either because of its buoyant nature
or by keeping water from penetrating the seeds, and there
isno sign of an aril.

Embryo Types of Lecythidoideae

Three embryo types are found in species of
L ecythidoideae (Prance and Mori, 1978). In Cariniana
(Figure 17D in Prance and Mori, 1979), Couratari (Figure
18G in Prance and Mori, 1979), and Couroupita (Figure
17H in Prance and Mori, 1979), the embryo possesses
chlorophyllous, foliaceous cotyledons. In Gustavia
(Figures 15D, 16G in Prance and Mori, 1979), the embryo
has achlorophyllous, fleshy cotyledons; and, in the remain-
ing taxa, the achlorophyllous macropodial embryos lack
cotyledons (Figures 17L, 18C, 18M, 18R, 19Cin Pranceand
Mori, 1979). The seeds of species with chlorophyllous,
foliaceous cotyledons carry relatively little food reserve
compared with the seeds of species with achlorophyllous
embryos and no cotyledons.

M aterials and M ethods

Fruits and seeds of most species were fixed in FAA
(Formalin-Glacial Acetic Acid-70% acohal) inthefield and
later transferred to 70% alcohol for long-term storage.
Pieces of seed coat attached to a small piece of embryo
were taken from the medium portion of the seed body.
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When seed wings or arils were present, a small piece of
each was removed. These pieces were dehydrated in an
ethanol -t-buty| alcohol series and embedded in paraplast.
Cross sections with a thickness of 5-8 um were obtained
by sectioning with a rotary microtome, and the sections
were prepared as microscope slides. Most of the slides
were stained with safranin O-fast green FCF. Condensed
tannin bodies always stained deep red with safranin O.
Protein bodies al so reacted with safranin O, but stained a
lighter red. Both tannin and protein bodies could be iden-
tified by their positionsin the seed, with tannins common
in the seed coat and protein bodies in the endosperm and
embryo. Some sections were stained with phloroglucinol
to identify lignins and with iodine in potassium iodide to
reveal the presence of starch grains (Gahan, 1984). Free
hand sections of embryos were stained with iodine in po-
tassium iodide and Sudan black to detect the presence of
starch grains and lipid bodies, respectively. Samples ob-
tained from herbarium specimens were softened in 2.5%
NaOH overnight or longer and subsequently dehydrated
and embedded as above.

Seeds examined include one species of Planchonioideae:
Barringtonia asiatica (L.) Kurz (C. F. Shen, 12 Mar 1993,
not vouchered) and samples from 19 species of
Lecythidoideae: Allantoma lineata (Mart. ex O. Berg)
Miers (J. C. Ongley and J. F. Ramos P23254), Bertholletia
excelsa Humb. & Bonpl. (Freitas 610), Cariniana legalis
(Mart.) Kuntze (Mori 22632), Cariniana micrantha Ducke
(Krukoff 5095), Corythophora alta Knuth (Prance et al.
5094), Corythophora amapaensis Piresex S. A. Mori &
Prance (Mori 8783), Couratari asterotricha Prance (Mori
22630), Couratari stellata A. C. Sm. (Freitas 545),
Couroupita guianensis Aubl. (Mori et al. 22153),
Eschweilera ovalifolia (DC.) Nied. (Mori et al. 9159),
Eschweilera pedicellata (Rich.) S. A. Mori (Mori 8623),
Eschweilera tenuifolia (O. Berg) Miers (Prance 24357),
Grias neuberthii J. F. Macbr. (Callejas and Marulandia
5897), Gustavia augusta L. (Mori and Bolten 8650),
Gustavia elliptica S. A. Mori (Freitas 530), Lecythis
gracieana S. A. Mori (Freitas 745), Lecythis minor Jacq.
(Mori et a. 22152), Lecythisparvifructa S. A. Mori (Freitas
726), and Lecythisprancei S. A. Mori (Freitas 739). Vouch-
ersfor all specimens are archived in the herbarium of the
New York Botanical Garden (NY), except that fruits of
Barringtonia asiatica were collected in the Tropical Bo-
tanical Garden, Pingtong, Taiwan, and no voucher was
made for this species. These collections also serve as
vouchersfor the speciesillustrated in the figures.

Terminology for seed morphology and seed coat
anatomy follows Corner (1976a). The drawings of the
cross sections of the seed coat in Figures 2-19 are all ar-
ranged with the exotestato the left. If endosperm is present,
it isindicated in the figures. Parenchymatous mesotestal
cells are bordered with the thinnest lines; sclerotic cells
(impregnated by tannins but without lignin deposition) are
bordered by dightly thicker lines; fibers and exotestal cells
with secondarily thickened walls areillustrated with double
lines; and tannin bearing cells are stippled throughout.
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Results

Seed Morphology and Anatomy

Seeds of the Lecythidoideae we studied are medium to
large in size (Figures 1A-1G, 11-1P), based on Corner’s
(1976a) terminology. Thelargest seeds are found in Grias
neuberthii (to 60 mm long), and the smallest are found in
Cariniana legalis (ca. 12 mm long). The seed body is
more or less ellipsoidal in the majority of taxa
(Barringtonia, Cariniana, Corythophora, Eschweilera
ovalifolia, E. pedicellata, Grias, Gustavia, Lecythis
minor, and L. parvifructa). Other shapes include more or
less rounded (Lecythis gracieana and L. prancei), wedge
shaped (Allantoma lineata and Eschweilera tenuifolia),
three-faced (Bertholletia), flat and rounded (Couroupita),
or flat and élliptical (Couratari).

Seed appendages are found as a unilateral wing in
Cariniana (Figure 1M), a circumferential wing in
Couratari (Figure 1N), numerous soft hairs in Couroupita
(Figure 1D), a sarcotestain Eschweilera ovalifolia (Figure
1L), or afunicular aril in Corythophora (Figure 1J),
Eschweilera pedicellata (Figure 11), Gustavia (Figures 1B,
1C), and Lecythis minor (Figure 1K). No apparent seed
appendages are developed in the remaining species
(Figures1A, 1E, 1F, 1G, 1P).

The seed coat of different species variesin thickness
from ca. 0.1 mm (ca. 10-15 cell layers) in Couratari spp. to
2.8 mm thick (ca. 60-80 cell layers) in Bertholletia excelsa.
However, the mature seed coat, as revealed in the present
study, is mostly composed of a well-developed testa,
whereas the tegmen is usually crushed, or remains as sev-
eral compressed layers in some species of Eschweilera,
Lecythis, and Gustavia. Within the testa, the exotestais
single-layered, the mesotesta is multi-layered and forms
the main body of the seed coat, and the endotesta is diffi-
cult to identify because it is not specialized or because it
is crushed at seed coat maturity.

The vascular system of the seed coat is usually
complex. Theraphal bundle branches before and after the
chalaza and the branches further divide one or more times.
However, a simpler vascular system is found in four
genera. In Couratari the vascular bundle does not branch
at all whereasin Bertholletia, Cariniana, and Couroupita
the raphal bundle branches into 2-4 well developed
postchalazal bundles that run longitudinally in the testa
without further branching. The vascular bundles are al-
ways embedded deeply within the mesotesta. However,
in Allantoma, Bertholletia, Corythophora, and most spe-
cies of Lecythis, the exotesta is lacking over the regions
containing main or medium to large vascular bundles, and,
hence, the mesotestais exposed (Figures 8, 9, 10, 14, 19a).
Because the exotestais usually darker in color and/or dif-
ferent in texture on the seed surface than the exposed
mesotesta, the vascular pattern appears distinct (Figure
1E-1G, 1], 1K).

Fibers are usually an important element in the seed coat.
In Corythophora, Couratari, Couroupita, Eschweilera
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A. Grias
neuberthir

C. Gustavia
augusta

B. Gustavia D. Courouprta E. Bertholietia
elliptica guianensis excelsa

I. Eschweiltera
pedicellata

£

F. Lecyrttis G. Lecythis

gracieana prance/ H. Lecythis

prsonis

L. Eschweilera M. cariniana
ovalifolia legalis

J. Corythophora
amapaensis

K. ¢ ecythis
minor

N. couratari

asterotricha 2cm.

O. Awantoma P £scoweilera
lineata tenuifolia

Figure 1. Seed morphology of 16 selected species of Lecythidoideae. A, Grias neuberthii; B, Gustavia elliptica; C, Gustavia
augusta; D, Couroupita guianensis; E, Bertholletia excel sa; F, Lecythis gracieana; G, Lecythis prancei; H, Lecythis pisonis (Prance et
al. 24363); 1, Eschweilera pedicellata; J, Corythophora amapaensis; K, Lecythis minor; L, Eschweilera ovalifolia; M, Cariniana
legalis; N, Couratari asterotricha; O, Allantoma lineata; P, Eschweilera tenuifolia.
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pedicellata, and most Lecythis, alarge group of fibersis
always developed on the external side of medium to large
or even all of the vascular bundles, and individual fibers
may reach 100 pm in diameter. In Allantoma,
Barringtonia, Bertholletia, Eschweilera ovalifolia, Grias,
and Gustavia, the fibers are less pronounced, being ei-
ther in small groups or as solitary fibers. In Cariniana
and Eschweilera tenuifolia, however, fibers are completely
absent. Tannin cells, which contain massive deposits of
condensed tannins, are very common, especialy in the
outer layers of the mesotesta. Tannins may also be de-
posited on the cell walls of the mesotestal cellsto form
non-lignified sclerotic cellsthat increase cell rigidity. The
remaining parenchymatous mesotestal cells, which lack
sclerotic cell walls, are usually markedly compressed.

The endosperm remains as a thin layer in Allantoma,
Bertholletia, Cariniana, Couratari, Couroupita, and
some Lecythis, but completely disappears in the remain-
ing species studied. Within the embryo, the major food
reserve revealed is found as either starch grains or pro-
tein bodies, but no seeds were found to be rich in both
starch and protein. Oil bodies, on the other hand, are usu-
ally present with either starch or protein bodies, but in a
lesser amount than either of them. In Bertholletia excelsa
(the Brazil nut) both oil and protein bodies are abundant

The following descriptions of the seed coat anatomy
of the species we studied are presented according to dis-
persal systems.

Indehiscent Fruits, Fruits Serve as Diaspores

Barringtonia asiatica (Figure 2) and Grias neuberthii
(Figures 1A, 3) possess one-seeded fruits. Both species
have a poorly differentiated seed coat. Barringtonia
asiatica has many large vascular bundles, and the thick-
ness of the seed coat varies from 0.5-0.8 mm in regions
without vascular bundles to ca. 1.2 mm in regions with
bundles. Grias neuberthii has numerous vascular bundles
of various diameters, and the seed coat is0.8-1.1 mm thick.
A distinct exotesta is lacking in both species. The testa
is about 25-35 cell layersthick. All cells except for those
in the vascular system are similar in size, and the cells are
sclerotic but not lignified. In B. asiatica several layersin
the middle part of the testa are filled with tannin, and the
fibers are solitary and scattered. In G. neuberthii tannin
cells occur randomly in the testa, and small groups of fi-
bers are associated with the vascular bundles. No crys-
tals were found in their seed coats. The embryos of both
species are macropodial, and the embryo cells are full of
starch grains.

Indehiscent Fruits, Seeds Serve as Diaspores

Couroupita guianensis (Figures 1D, 4) possesses fruits
with 82-295 seeds. The seed coat is well differentiated,
0.32-0.4 mm thick, and only three large vascular bundles
penetrate the testa. The outer tangential primary wall of
each of the exotestal cellsis prolonged into a hair 4-5 mm
long whereas the other five walls are secondarily thick-
ened with lignins. Beneath the exotesta, the hypodermal
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Figures 2-3. Cross sections the of seed coats of Barringtonia
asiatica (Figure 2) and Grias neuberthii (Figure 3). The seed
coat in both species is poorly differentiated. F: fiber, T: tannin
cell, and V: vascular bundle. Bar = 0.4 mm in both figures.
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Figures 4-7. Cross sections of the seed coats of Couroupita guianensis (Figure 4), Gustavia augusta (Figure 5), G. elliptica (Figure
6), and Bertholletia excelsa (Figure 7). Note the long exotestal hairs in Couroupita guianensis; the thick secondary cell walls of the
species of Gustavia; and the highly elongated exotestal cells of Bertholletia excelsa. C: crystal, EN: endosperm, EX: exotesta, F:
fiber, MS: mesotesta, T: tannin cell, TG: tegmen, V: vascular bundle, and *: crystal sands. Bar = 0.2, 0.2, 0.1, and 0.5 mm, respectively.



44

layer also possesses secondarily lignified cell walls, and
each cell is provided with asingle, large prismatic crystal.
The mesotestais ca. 30-40 cell layers thick and is differ-
entiated into an outer region with sclerotic, tannin cells
and an inner region composed of parenchyma. A large
group of fibersis always present on the external side of
the vascular bundle. The endosperm is represented by 4-
5 layers of living cells, which contain small quantities of
protein bodies and starch grains. The embryo, including
the leafy cotyledons and the embryo axis, contains abun-
dant protein bodies and a smaller quantity of oil bodies.

Gustavia augusta (Figures 1C, 5) and Gustavia
elliptica (Figures 1B, 6) possess fruits with an estimated
10-20 seeds. The seed coat is about 0.8-1.2 mm thick in
the former and 0.25-0.4 mm in the latter species. Each spe-
cies possesses a highly branched vascular system. The
exotesta is a uniform layer of cells with heavily lignified
secondary walls. The mesotestais 30-40 cell layers thick
in G. augusta and 15-30 layersin G. elliptica. Most of the
inner layers of the mesotesta of both species become com-
pressed at maturity. Fibersare solitary or in small bundles
distributed on the external side of the vascular bundles.
Crystals were not found. These two species have very
similar seed coats, differing quantitatively but not
qualitatively. Gustavia augusta has a thicker seed coat,
and its fibers are better developed and usually found in
small groups. In contrast, the fibers of G. elliptica are less
common and usually solitary. The funicular aril of both
species is contorted and possesses a stout vascular sys-
tem and athick-walled epidermis. The funicular aril of G.
augusta tastes sweet when fresh. No starch grains or
other storage bodies were observed in the funicular arils
of either species. The embryo, including the plano-con-
vex cotyledons and the embryo axis, is rich in starch
grains and oil bodies are present in small amounts.

Bertholletia excelsa (Figures 1E, 7) possesses fruits
with 10-25 seeds. The seed coat is 2.5-2.8 mm thick, and
the raphal bundle branches into two to three large bundles,
each of which runs along an angle of the seed coat and
does not further branch. Cells of the exotesta are ligni-
fied and elongated radially into a1-1.2 mm long palisade
layer, but at the seed angles, where the large vascular
bundles run, the exotesta is lacking and the mesotesta is
exposed. The mesotesta is 60-80 cell layersthick. All of
the cells of the mesotesta are sclerotic, and the outer one-
fifth to one-third of them are completely filled with tannins.
Single or small groups of fibers are randomly distributed
in the mesotesta, and crystal sands are occasionally found
external to the vascular bundles. No storage food bodies
were found in the two-cell layered endosperm (not shown
in Figure 7), but the macropodial embryo isrich in both
protein bodies and oil droplets.

Indehiscent Fruits, Seeds or Possibly Fruits Serve
as Diaspores

Lecythis gracieana (Figures 1F, 8) possesses relatively
small fruits with 1-2 seeds. The seed coat is 1.0-1.5 mm
thick and has a highly branched vascular system. The
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cells of the exotesta are radially elongated and have ligni-
fied secondary cell walls. These cells become smaller and
then lacking in regions with medium to large vascular
bundles where, thus, the mesotesta is exposed. The
mesotesta is 40-50 cell layered. The cells of the outer two-
thirds are filled with tannins and do not become crushed,
whereas cells of the inner layers of the mesotesta are less
densely filled with tannins and markedly compressed. The
fiber groups are well developed on the external side of the
larger vascular bundles. Crystal cellswere not found. The
cells of the macropodial embryo contain numerous starch
grains.

Lecythis parvifructa possesses relatively small fruits
with 1-3 seeds. The seed coat isca 1.0-1.5 mm thick and
has many vascular bundles of various sizes. The exotestal
cells areradially elongated and have lignified secondary
cell walls, but they are absent in regions with major vas-
cular bundles where, thus, the mesotestais exposed. The
mesotesta is 55-90 cell layered; the cells are sclerotic but
not lignified; and tannin rich cells occur randomly in the
outer layers. A group of fibersiswell-developed external
to each mgjor vascular bundle. Crystals were not found.
In the macropodial embryo starch grains are the mgjor food
reserve.

Lecythis prancei (Figure 1G, 9) possesses relatively
largefruitswith 1-2 large (3-4.5 cm diam.) seeds. The seed
coat is 1.0-1.4 mm thick and has many vascular bundles
of various sizes. The exotestal cellsareradially elongated
and possess lignified secondary cell walls and oil drop-
lets in the cell lumen in areas without concentrations of
vascular bundles. In areas with concentrations of vascu-
lar bundles, the exotesta is lacking and the mesotesta is
exposed. The mesotestais 45-60 cell layered. Cellsin the
outer one-half to three-fourths of the mesotesta are scle-
rotic and slightly tanniniferous whereas the innermost lay-
ers are heavily compressed. Groups of fibers are found
associated with the vascular bundles. Crystals occur in
cells on the external side of the vascular bundles. Starch
grains are the major food reserve in the macropodial
embryo.

The seed coats of the preceeding three species are ana-
tomically very similar.

Dehiscent Fruits, Seeds Serve as Diaspores

Allantoma lineata (Figures 10, 10) possesses fruits
with numerous but an undetermined number of seeds. The
seed coat isca. 0.7-1.2 mm thick and has a highly branched
vascular system. In areas with large vascular bundles, the
exotesta is disrupted by the protruding mesotesta;
otherwise, the exotesta consists of radially elongated cells.
The outer tangential wall of these cells protrudes slightly
as a papilla, and the other five walls are secondarily
lignified. The mesotestais composed of ca. 30 layers of
sclerotic cells. Cells of the outermost layers of the
mesotesta are filled with tannins, and the innermost lay-
ers are strongly compressed. Small groups of tannin cells
are also found surrounding the vascular bundles. Soli-
tary fibers are commonly found on the external side of the
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Figures 8-9. Cross sections of the seed coats of Lecythis gracieana (Figure 8) and L. prancei (Figure 9). The horizontally dashed
lines in figures 8a and 9a show the positions of the detailed sections in figures 8b and 9b. Note the gaps in the exotesta and the
differences in the size and distribution of the fibers of these two species. EX: exotesta, F: fiber, MS: mesotesta, T: tannin cell, TG:

tegmen, and V: vascular bundle. Bar = 0.45, 0.2, 0.45, and 0.2 mm, respectively.
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vascular bundle. Crystals are absent. The endosperm is
only two cell layersthick. The macropodial embryos are
richin oil bodies.

Cariniana legalis (Figures 1M, 11) and Cariniana
micrantha possess fruits with numerous seeds. The
seeds have a unilateral wing. In the region of the seed
body, the seed coat is ca. 0.12-0.2 mm thick with 15-18 cell
layersin C. legalis and 0.3-0.4 mm thick with 20-25 cell
layersin C. micrantha. The raphal bundle splitsinto two
branches at the chalaza and does not further branch. The
exotestal cells are enlarged, and the five secondary walls
are thick and heavily lignified. Cells of the mesotesta are
sclerotic and tanniniferous. Large polygonal crystals are
found in the outermost and innermost layers of the
mesotestain C. legalis, but only in the innermost layers
in C. micrantha. The unilateral seed wing (Figures 1M,
11) isca. 3cmlong and about 10-12 cell layersthick at the
proximal end and ca. 2-cell layersthick at the distal end.
An exotestais lacking in the wing, which is composed of
elongated sclerotic tannin cells that form a continuum with
the tanniniferous mesotesta surrounding the seed body.
Histologically, the wing appears to be of mesotestal origin,
i.e., derived from the mesophyll of the outer integument
of the ovule. The raphal bundle extends upward into the
wing and makes areversed U-shaped loop, which may add
to therigidity of thewing. No fibers are developed in any
part of the seed coat, but crystals are randomly distrib-
uted throughout the seed coat, including the wing. The
endosperm, which is 4-5 cell layers thick, contains
abundant, small starch grains. Protein bodies are the main
food reserve in the embryo.

Couratari asterotricha (Figures 1N, 12) and Couratari
stellata (Figure 13) possess fruits with a high but unde-
termined number of seeds. Seeds of these two species are
flat and have a circumferential wing. An unbranched vas-
cular bundle surrounding the seed body forms the bound-
ary between the seed body and the wing. The seed coat
of the seed body is0.1-0.15 mm thick and ca. 15 cell lay-
ersin C. asterotricha and 0.06-0.12 mm thick and ca. 10
cell layersin C. stellata. The exotestais a uniform layer
with its cell lumens nearly completely filled by the thick
secondary walls. The mesotesta is wholly sclerotic and
tanniniferous in C. stellata, but only the outer one-third
is sclerotic and tanniniferousin C. asterotricha. Large po-
lygonal crystals are common only in C. asterotricha. A
fiber strand, running parallel and external to the un-
branched vascular bundle, is twice as large as the vascu-
lar bundle (Figure 13a). In the seed wing (Figure 13c), the
exotestais as specialized as that enclosing the seed body,
and the mesophyll of the seed wing is completely com-
posed of sclerotic tannin cells. Apparently, the seed wing
is an extension from both the exotesta and the outer lay-
ers of mesotesta of the seed body. No crystal cells occur
in the seed wing. A 2-3 cell layered endosperm is present
in both species, but food storage bodies were not
observed. The embryos of both species contain abundant
round protein bodies, but oil bodies were observed only
in the embryo of C. stellata.
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Corythophora alta (Figure 14) and Corythophora
amapaensis (Figures 1J, 15) possess fruits with a high but
undetermined number of seeds. The seed coat is 1.0-1.5
mm thick in C. alta and 1.6-2.2 mm thick in C. amapaensis.
Vascular bundles are numerous and mostly somewhat flat
in cross section. The cells of the exotestaareradially elon-
gated and possess lignified secondary walls, but the
exotestais lacking in regions containing medium to large
vascular bundles where, thus, the small, tanniniferous
mesotestal cells reach the seed surface. The mesotesta,
composed of thin-walled cells, is 35-50 cell layersthick in
C. altaand ca. 50-70 cell laysthick in C. amapaensis. An
outer tanniniferous region and an inner non-tanniniferous
region in the mesotesta are well differentiated in both
species. Large fiber strands are always found on the ex-
ternal side of the vascular bundles. The seed coats of C.
alta and C. amapaensis are very similar and differ only in
that C. alta has a thinner seed coat and does not possess
crystals. The basal aril of both species consists of large
parenchymatous cells. The macropodial embryo contains
starch grainsin low to moderate density.

Eschweilera ovalifolia (Figures 1L, 16) possesses fruits
with large seeds (3-3.5 cm diam.), relatively few in number.
The seed coat is 1.8-2.5 mm thick, 60-80 cell layered, and
has a highly branched vascular system. The outer 25-40
cell layers (0.5-0.8 mm thick) form awhite, fleshy, paren-
chymatous sarcotesta that surrounds the entire seed. The
cells of the sarcotesta contain numerous starch grains. In-
ternal to the sarcotestais the hardest part of the seed coat;
a25-50 cdll layered region composed of sclerotic cellsfilled
with tannins. The vascular bundles, mostly found in this
region, are sometimes surrounded by one or two layers of
fibers. The innermost layers of the mesotesta are com-
posed of thin walled, empty, and highly compressed cells.
No crystal cells were observed in the seed coat. Thecells
of the macropodia embryo are filled with starch grains.

Eschweilera pedicellata (Figures 1I, 17) possesses
fruits with large seeds (ca. 3 cm diam.), relatively few in
number. The seed coat is normally 0.4-0.5 mm thick, but
thickens to 0.8-1.0 mm in regions with a large vascular
bundle, and has numerous vascular bundles of various
sizes. The exotestaisradially elongated and lignified, but
is thinner in regions with vascular bundles. The cells of
the outer two-thirds of mesotesta are sclerotic and filled
with tannins, whereas the innermost part of the mesotesta
is composed of ca. 10 layers of highly compressed, empty
cells which sometimes contain small, polygonal crystals.
The extensive vascular system penetrates the
tanniniferous mesotesta. Larger vascular bundles have a
fiber strand on the external side. Crystal cells occur ran-
domly around the vascular bundles. Small starch grains
were observed in the peripheral cells of the aril. Thecells
of the macropodial embryo contain starch grains.

Eschweilera tenuifolia (Figures 1P, 18) possesses fruits
with dlender (2.8-5 cm long), wedge-shaped, numerous (15-
35) seeds. The seed is more or less 4-5 angled in cross
section. A large vascular bundle runsinto each angle and
branches into many side bundles. The seed coat is hor-
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Figures 10-13. Cross sections of the seed coats of Allantoma lineata (Figure 10), Cariniana legalis (Figure 11, with 11a showing a
portion of the seed coat from the seed body and 11b a portion of the seed wing), Couratari asterotricha (Figure 12), and Couratari
stellata (Figure 13, with 13a showing a cross section of the entire seed and the positions of the detailed sections shown in 13b and
13c). Note the gap in the exotesta, the protusion of the tanniniferous mesotesta, and the papillate exotestal cellsin Allantoma
lineata; the thick walled exotestal cells and lack of an exotestain the wing of Cariniana legalis; the thick walled exotestal cells of the
species of Couratari; and the presence of an exotesta in the wing of C. stellata. E: embryo, EN: endosperm, EX: exotesta, F: fiber,
MS: mesotesta, T: tannin cell, V: vascular bundle, and *: polygonal crystals. Bar = 0.2 mm in Figure 10, 0.05 mm in Figures 11a,
11b, 12, 13b, 13c, and 3 mm in Figure 13a.




48 Botanical Bulletin of AcademiaSinica, Vol. 43, 2002

o
o

9.
0

A2
k]
AT
i

).
(HAD
i

=%
=

L

=:
X
=%
T

‘,gug}..\‘..

\
A

6a. —

Figures 14-16. Cross sections of the seed coats of Corythophora alta (Figure 14), C. amapaensis (Figure 15), and Eschweilera
ovalifolia (Figure 16, with the horizontally dashed lines in 16a showing the position of the section in 16b). Note the gap in the
exotesta in species of Corythophora and the thick sarcotestain E. ovalifolia. C: crystal, EX: exotesta, F: fiber, MS: mesotesta, S:
sarcotesta, T: tannin cell, and V: vascular bundle. Bar = 0.5 mm in all figures.
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mally 0.5-1.0 mm thick with 30-70 cell layers, but thickens
toca 1.5 mm at the angles. The exotestal cells are small,
unspecialized, and possess thickened but unlignified cell
walls. The outermost 4-7 cell layers of the mesotesta is
composed of scleratic cells filled with tannins. This
tanniniferous layer devel ops numerous extensions inward,
which encircle all of the vascular bundles. The
tanniniferous cells form an interconnected network, which
completely surrounds the vascular system. The inner lay-
ers of the mesotesta are formed of large, non-tannin bear-
ing parenchymatous cells. No crystal cells or fibers are
found in the seed coat. The cells of the macropodial em-
bryo arefilled with starch grains.

Lecythis minor (Figures 1K, 19) possesses fruits with
medium sized (2.4-3 x 1.3-2 cm), numerous (12-24) seeds.
The seed coat is 2.0-2.7 mm thick and has a highly
branched vascular system. In regions without larger vas-
cular bundles, the cells of the exotesta are radially elon-
gated to ca. 1mm long, possess lignified secondary walls,
and cell lumensfilled with tannins. In regions with large
vascular bundles, the exotesta is lacking, and the
tanniniferous mesotesta reaches the seed surface. The
massive mesotesta is composed of 60-80 layers of scle-
rotic cells. The outer four-fifths of these mesotestal cells
are filled with tannins whereas the inner layers are empty
and compressed. A large group of fibersis developed on
the external side of the bundles, and external to the fiber
strand, many radial rows of crystal bearing cells extend to
the seed surface (Figure 19b). Two types of crystals are
abundant in the mesotesta. Polygonal crystals are ran-
domly distributed throughout the tanniniferous region and
also occur in the radial rows of crystal cells external to
the fiber strands. Crystal druses, on the other hand, are
found only in the innermost few layers of the mesotesta,
where almost every cell lumen has a single druse. The
endosperm persists as two cell layers. The parenchyma-
tous basal aril possesses starch grains only in the outer-
most several layers. The macropodial embryo possesses
protein bodies.

Discussion

Our results demonstrate that the seed coat anatomy of
the New World Lecythidaceae is diverse. We suggest that
modifications of the seed coat serve not only to protect
the embryo from pathogens and predators and to regulate
germination, but are also adaptations to different kinds of
abiotic and biotic seed dispersal agents.

The protective function of seed coats in the
L ecythidaceae is sometimes related to the degree of pro-
tection provided by the fruit. The single seeds of the in-
dehiscent fruits of Barringtonia asiatica and Grias
neuberthii have an unspecialized exotesta and the least
differentiated seed coat among the 11 genera of
L ecythidaceae we examined (Figures 2, 3). In contrast, the
remaining species with indehiscent fruit (Couroupita
guianensis, Gustavia augusta, G. elliptica, Lecythis
gracieana, L. parvifructa, and L. prancei) have special-

49

ized exotestas and well differentiated mesotestas. In
Barringtonia and Grias, which have fruits serving as the
diaspores, the seeds are well protected by the pericarp.
In the remaining taxawith indehiscent fruit that we studied,
however, the seeds are the diaspores. Because their seeds
do not remain protected by the pericarp until they
germinate, the seed coat has assumed a greater role in the
protection of the embryo. Corner (1976a) has concluded
that undifferentiated seed coats are always associated with
indehiscent fruits. In the Lecythidaceae, a more correct
interpretation is that undifferentiated seed coats are as-
sociated with fruits as diaspores because some species of
this family possess indehiscent fruitsin combination with
highly differentiated seed coats.

Among the genera of Lecythidoideae with seeds as
diaspores, the indehiscent-fruited Couroupita guianensis
has devel oped a unique type of seed coat, probably in re-
sponse to endozoochory by peccaries (Prance and Mori,
1978). The small, flattened seeds possess exotestal cells
that are prolonged into long hairs (Figures 1D, 4). The
fruit walls do not protect the seeds because they crack
open when hitting the ground to expose a bluish-green,
mal odorous pulp, in which the numerous, hairy seeds are
embedded. Hairy seeds among the angiosperms are most
common in anemochorous species (Werker, 1997), but they
also appear in hydrochorous (the hairs allow the forma-
tion of air pockets) and in epizoochorous seeds (the hairs
form hooks that attach to animals) (Boeswinkel and
Bouman, 1984). The hairy endozoochorous seeds of C.
guianensis probably serve to protect the seeds as they
pass through the animal’s digestive tracts, or they may
speed up seed passage by stimulating intestinal
contraction.

The dispersal agents of indehiscent-fruited Lecythis
gracieana, L. parvifructa, and L. prancei are not known.
The fruits of these species fall to the ground with the
seeds inside at maturity, and because the pericarp isrela-
tively thin, the seeds may be released when the fruits
crack open upon impact with the ground or after the peri-
carp rots away. There is no apparent attractant for dis-
persal agents, i.e., the fruit walls are woody, not fleshy,
and the seeds do not have arils or sarcotestas (Figures
1F, 1G). The anatomy of the seed coats (Figures 8, 9),
however, is similar to the presumably animal dispersed
Corythophora spp. (Figures 14, 15) and Lecythis minor
(Figure 19). Thecellsof the exotestaarelignified and elon-
gated and tannins are found in the well-developed
mesotesta, features that we interpret as protecting the
seeds from animal predation.

The dispersal system of Bertholletia excelsa is the
most studied of all Lecythidaceae (Huber, 1910; Miller,
1990; Ortiz, 1995; Tabarelli and Mantovani, 1996; Peresand
Baider, 1997; Peres et al., 1997). Thisis probably because
of its economic importance as a source of edible seeds
(Mori and Prance, 1990b) and because of its unusual and
conspicuousfruits. The extremely hard seed coats are most
likely adaptations to protect the embryos until the time of
germination. The seed coat (Figure 7) of this speciesis
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Figures 17-19. Cross sections of the seed coats of Eschweilera pedicellata (Figure 17), E. tenuifolia (Figure 18), and Lecythis
minor (Figure 19, with the white bordered block in 19a showing the position of the detail in 19b). Figure 18, note the vascular
bundles are completely enclosed by the interconnected tannin network. Note the tanniniferous tissue sourrounding the vascular
bundlesin Eschweilera tenuifolia and the gap in the exotesta and the protruded mesotesta of Lecythis minor. C: crystal, EN: endosperm,
EX: exotesta, F: fiber, MS: mesotesta, T: tannin cell, TG: tegmen, V: vascular bundle, and *: crystal druses. Bar = 0.2, 0.2, 0.5, and
0.2 mm, respectively.
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the thickest of all Lecythidoideae studied, and the cells of
the exotesta are extremely elongated and lignified. They
are so tough that seed consumption and seed dispersal is
limited to very few animals, thereby making those animals
that can open the pericarps and seed coats more reliable
dispersers because they are able to utilize a food source
not available to other animals.

Among the genera of Lecythidoideae with seeds as
diaspores, the anemochorous Cariniana and Couratari,
have the thinnest testa and the simplest vasculature
(Figures 11-13). In these genera, the testa of the seed body
can be viewed as a compromise between the reduced
weight required for wind dispersal and the increased
weight needed for the protection of the embryo. In the
four species of Cariniana and Couratari that we
examined, the cells of the exotesta are so strongly ligni-
fied that only avery limited cell lumen remains. Although
the seed coats of these wind-dispersed species are thin
and simple in structure, all of the cell layers are involved
in the protection of the embryo.

Species with hydrochorous seeds are common in the
periodically inundated forests of the Amazon Basin
(Gottsberger, 1978) and several species of Lecythidaceae
growing there possess this dispersal strategy. Kubitzki
and Ziburski (1994) have demonstrated that peak fruiting
time of Amazonian riverine species generally occurs from
February to July or August during the period of
inundation. Our study included Allantoma lineata and
Eschweilera tenuifolia, two species with dehiscent fruits
that drop their seeds into the water at maturity. Both have
elongated fusiform or wedge-shaped seeds, devoid of
sarcotestas (Figures 10, 1P). The seeds of both species
float and are carried away by fresh water currents. Their
elongated shape probably decreases resistance, facilitat-
ing water dispersal. Although similar in dispersal systems,
the seed coats of these two Amazonian species are very
different anatomically.

The seeds of Allantoma lineata have been reported to
berich in oil and to float for long periods (Ducke, 1948;
Prance, pers. comm.). Although we did not find oil drop-
lets in the seeds, our anatomical sections reveal external
papillae caused by a slight prolongation in the exotestal
cells (Figure 10) that may serve as air chambers that in-
crease seed buoyancy. In addition, the sclerified exotesta
and tanniniferous outer layers of the mesotesta may pro-
tect the seeds from pathogens and predators. In contrast,
the ability of the seeds of Eschweilera tenuifolia to float
is probably due to the well-sealed seed surface maintained
by the uninterrupted exotesta and the tanniniferous outer
layers of the mesotesta (Figure 18). It is noteworthy that
this species lacks fibers, thereby making the seeds lighter
and more adapted to flotation. The extensive network of
tannin cells, which surrounds the entire vascular system
and provides chemical protection from pathogens, is not
reported for any other species of Lecythidoideae.

The seeds of Eschweilera ovalifolia are
ichthyochorous (Goulding, 1980). A soft, completely par-
enchymatous sarcotesta (Figure 16b), the cells of which
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contain numerous small starch grains, surrounds the large
seed. Theremaining testa consists of athick layer of tan-
nin cells. Apparently, the sarcotestais consumed by fish
and the tanniniferous region protects the embryo both
from predation and pathogens. The seeds of Gustavia
augusta also appear in the digestive tracts of fish
(Gottsherger, 1978), but in this case the indehiscent fruits
fall into the water and are consumed by fish. This spe-
ciesis also found in non-flooded habitats whereas the
closely related G. elliptica is only found in non-flooded
forest. For these two species of Gustavia, animals seek-
ing the funicular aril or part of the fruit are probably the
dispersal agents, and the strongly lignified exotesta
(Figures 5, 6) protects the embryo.

The remaining species of Lecythidoideae we studied,
which include Corythophora alta (Figure 14), C.
amapaensis (Figures 1J, 15), Eschweilera pedicellata
(Figures 11, 17), and Lecythisminor (Figures 1K, 19), pos-
sess dehiscent fruits with fleshy arils that probably serve
as rewards to animal dispersal agents. In all of these
species, the exotesta is modified, and the cells of the
mesotesta are rich in tannins or sclerified to various
degrees, modifications that we interpret as adaptations for
protection against predators and pathogens. Field obser-
vations on the dispersal agents of these species are
lacking. However, it has been well documented that
Lecythis pisonis (Greenhall, 1965), with awell-devel oped
aril (Figure 1H), is dispersed by bats and that monkeys
eat the aril of L. poiteaui (Prance and Mori, 1978). We
suggest that mammals play an important role in the dis-
persal of dehiscent-fruited species of Lecythidoideae with
well-developed basal arils (species of Corythophora and
some species of Lecythis).

In the Lecythidaceae, embryo variation in the
Lecythidoideae is related to two distinct strategies for the
growth and establishment of seedlings. One type consists
of specieswith small seeds and chlorophyllous, foliaceous
cotyledons such as found in Cariniana, Couratari, and
Couroupita. These are adapted for rapid establishment
in canopy gaps with the light conditions needed for im-
mediate growth. Another type consists of species with
non-chlorophyllous cotyledons and either embryos with
fleshy cotyledons (Gustavia) or with macropodia embryos
(species of al other genera) that utilize the food reserves
of the seed until conditions become available for growth,
for example because of the formation of a canopy gap. A
study of Cariniana micrantha by Imakawa (1996) has
demonstrated that this small seeded species with folia-
ceous cotyledons grows better in canopy gaps than it
does in the forest understory. Moreover, studies of seed-
lings on Barro Colorado Island have shown that seedlings
and saplings of some species grow very little for long pe-
riods of time in the forest understory, but grow immedi-
ately in response to increased light caused by the
formation of canopy gaps (Steven, 1994). Similarly, seed-
lings of Lecythis prancei, a species with large seeds and
macropodial embryos, remain in the forest floor understory
for long periods without growing (S. A. Mori, pers. obs.).
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It has been observed that the large seeds of Lecythis
prancei and those of L ecythidoideae with macropodia em-
bryosin general, are often partially damaged by animals
gnawing into them (S. A. Mori, pers. obs.). Mack (1998)
has pointed out that, because the germination site of large
seedsis small in relation to overall seed size, damaged
seeds of thistype are often able to survive limited amounts
of predation. Inthe Lecythidoideae, macropodial embryos
in general, have comparatively larger seeds than the gen-
erawith foliaceous cotyledons.

Anatomically, the presence of large vascular bundles
and the lack of an exotesta adjacent to the vascular
bundles may offer a clue to the seedling ecology of
Allantoma lineata, Bertholletia excelsa, Corythophora
alta, C. amapaensis, Lecythis gracieana, L. minor, L.
prancei, and other species not heretofore examined. These
species possess thick seed coats and macropodial
embryos, and the gaps within the exotesta may provide
the mechanism for water uptake and the points at which
the root and shoot axes exit the seeds at germination.

Our study of the seed coat of Lecythidoideae demon-
strates five structural mechanisms that have evolved as a
means of supporting and protecting the seeds from preda-
tors and pathogens (Table 1). These adaptations are most
strongly developed in those species in which the seed,
not the fruit, serves as the diaspore. The first adaptation
is the specialization of the exotesta. Thisis best demon-
strated in the exotestal hairs of Couroupita guianensis
(Figure 1D, 4); theradially elongated and dlightly lignified
exotestal cellsin Bertholletia (Figure 7), Corythophora
(Figures 14, 15), and some species of Eschweilera and
Lecythis (Figures 8b, 9b, 19a); and the expanded and
heavily lignified exotesta cellsin Cariniana (Figure 11),
Couratari (Figures 12,13), and Gustavia (Figures 5, 6).
Specialization of the exotesta is developed in all species
we studied with seeds serving as diaspores, except for the
ichthyochorous Eschweilera ovalifolia and the
hydrochorous E. tenuifolia. The second adaptation is the
elaboration of a40-80 cell layered mesotesta derived from
moderate to active multiplication of the mesophyll of the
outer integument. This specialization is especially pro-
nounced in Bertholletia excelsa, Corythophora spp.,
Eschweilera ovalifolia, and Lecythis spp., all of which
have large seeds subjected to dispersal or predation by
animals. The third adaptation is the presence of fiber
strands, which are mostly associated with the vascular
bundles. In the mature seed coat of Lecythidoideae, the
vascular bundle is dominated by relatively small, thin-
walled vessel cells that often appear fragmented in sec-
tion (Figures 2, 3, 14-17). The fibers, on the other hand,
are much larger and possess much thicker lignified sec-
ondary cell walls. The fiber strands are especially well-
developed in species of Corythophora (Figures 14, 15),
Couratari (Figure 13a), and Lecythis (Figures 8, 19a). Be-
cause the fibers are always intimately associated with vas-
cular tissue, we suggest that they play arole in protecting
the relatively fragile vascular bundles. The fourth adap-
tation is the accumulation of tannins on the cell walls of
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the mesotestal cells. Although cellular tannins are not
known to have any physiological function in plants, they
may chemically protect the seeds against pathogens
(Zucker, 1983). In most seed coats of the Lecythidoideae
we studied, tannins are often deposited on the cell walls
of parenchymatous cells thereby making the cells sclerotic
and stronger. The tannins form complexes with cellulose
and pectins by hydrogen bonding, and these complexes
may prevent the cell wall from being digested by the en-
zymes that are secreted by pathogens (Zucker, 1983). The
fifth adaptation is the formation of condensed tannin
bodies, usually one per cell, in the outer layers of the
mesotesta (Figures 2, 7, 8b, 9b, 10, 11a, 12, 13b, 14-19).
These cells do not get compressed at maturity, and the
toxicity of the tannins may dissuade animals from preying
upon the seeds. In the seed coats of Lecythidoideae, tan-
nin cells are especially well developed in areas where the
exotesta is lacking, for example, in the seeds of
Corythophora (Figures 14, 15) and Lecythis (Figures 8, 9,
19), internal to the soft sarcotesta of Eschweilera
ovalifolia (Figure 16b), or surrounding the vascular
bundles of Eschweilera tenuifolia (Figure 18). Therole
of tannins in chemically and physically protecting the
seeds of L ecythidoideae appearsto be extremely important.

As reported for other plant families (Werker, 1997), the
influence of both genetics and the environment on seed
coat structure in the Lecythidoideae is apparent. Although
we only studied the seed anatomy of Couroupita
guianensis (Figure 4), all three species of this genus have
hairy seeds and certainly resemble one another
anatomically. The very elongated and lignified exotestal
cells of Bertholletia excelsa (Figure 7) are present in no
other species of the family. Hence, features of the seed
coats of Couroupita and Bertholletia species, although
evolving in response to animal dispersal agents, serve as
diagnostic characters for the genera. The poorly differ-
entiated seed coats of Barringtonia asiatica (Figure 2)
and Grias neuberthii (Figure 3) result from the pericarp
and not the seed coat assuming the primary role in the
protection of the seed. The shared presence of indehis-
cent fruits and similar seed coats in these genera support
the common ancestry of the Old World (Barringtonia) and
New World (Grias) Lecythidaceae.

In contrast, the wind dispersed seeds of the two spe-
cies of Cariniana and two species of Couratari that we
studied have some common and some different seed coat
structures. The seed coats of these two genera are simi-
lar in overall structure and in the possession of simple cell
types (Figures 11, 12, 13). However, thelack of an exotesta
in the seed wing and the absence of fibersin the seed coat
of Cariniana suggest that the seed coat similarity of
Cariniana and Couratari is caused by convergence for
wind dispersal, and, therefore, does not indicate recent
common ancestry. The most divergent seed coat anatomy
isfound in Eschweilera, the most species rich and com-
plex genus of the family. The structure of the seed coat
of the water-dispersed seeds of Eschweilera tenuifolia
(Figure 18) differs markedly from the ichthyochorous E.
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ovalifolia (Figure 16b) and the presumably terrestrial ani-
mal-dispersed E. pedicellata (Figure 17). Because of this
variation, seed coat structure provides no diagnostic char-
acters for this genus.

On the basis of previous embryological study (Tsou,
1994), ovules of al 11 genera studied have multi-cell lay-
ered inner and outer integuments that display little varia-
tion among genera. A cuticle test to examine the boundary
between the testa and the tegmen was not carried out in
this study. Nevertheless, we believe that the seed coat
of the Lecythidoideae is mainly derived from the outer
integument.

The ovules of the 10 genera of Lecythidoideae and
Barringtonia universally possess two, well-separated
integuments, and only the outer integument is
vascularized. The outer integuments are composed of
simple, non-specialized parenchymatous cells normally 7-
15 cell layers thick. Only the vascular system and the
thickness of the outer integuments differ among the 11
generawe studied (Tsou, 1994). The outer integument of
Bertholletia can be distinguished by its unique
combination of simple vascular system and extreme
thickness (>20 cell layers) and that of Cariniana by the
combination of simple vascular system and extreme
thinness (ca. 5 cell layers). These features are reflected in
thethick (Figure 7) and thin (Figure 11) seed coats of these
two genera, respectively. The ovule structures in the
remaining genera are so similar that they can not be
distinguished from one another based on this feature. In
contrast, the seed coat anatomy of Lecythidoideae
demonstrates considerable interspecific variation. The
development of this diverse array of seed coats from
homogeneous ovules suggests the important role that
different pathogens, predators, and dispersal agents have
played in the evolution of the seed coats of New World
Lecythidaceae. However, an understanding of the
evolution of seed coat variation awaits phylogenetic
analysis. The seed coat features described herein provide
datafor that analysis.
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